The mediodorsal thalamic nucleus (MD) receives convergent inputs from subcortical limbic structures that overlap with a dopaminergic (DA) innervation. In this study, we describe the effects of DA agonists on the basal and evoked electrophysiological activity of identified thalamic cells of rats recorded in vitro. Administration of the D1 agonist SFK 38393 (10 M) did not produce a clear effect on the physiological properties of the thalamic cells recorded. In contrast, bath administration of the D2 agonist quinpirole (10 M) resulted in an enhancement of membrane excitability, facilitation of the occurrence of lowthreshold spikes (LTSs), and changes in the resting membrane potential of the thalamic cells tested. The quinpirole-mediated responses were reversed by administration of the D2 antagonist haloperidol. The mediodorsal thalamic nucleus (MD) is a site through which the majority of limbic structures influence cortical processing. This nucleus receives input from dopamine-rich regions of the limbic system, including projections from the nucleus accumbens and the ventral pallidum (Haber et al., 1985; Z ahm et al., 1987; Groenewegen, 1988, Groenewegen and Berendse, 1994; Lavin and Grace, 1994 ). Anatomical studies have described a dopaminergic innervation of the MD and paraventricular nuclei (PV) of the thalamus as well. The dopaminergic innervation of the thalamus was first described in 1974 (Lindvall and Björklund, 1974) and is believed to arise from the A11 and A13 dopaminergic cell groups that represent the hypothalamic dopamine neurons (Füxe, 1965). Subsequent studies using autoradiographic techniques showed the presence of anterogradely labeled axons ascending from the ventral tegmental area (V TA) and terminating in the medial part of the mediodorsal thalamic nuclei (Beckstead et al., 1979) . Furthermore, injections of the retrograde tracer HRPwheat germ agglutinin (WGA) into the medial and lateral MD labeled neurons in large numbers within the midline V TA (Cornwall and Phillipson, 1988) . This V TA-MD projection was confirmed to be at least partially dopaminergic in studies using combined retrograde and anterograde tracers (Groenewegen, 1988) and immunohistochemical staining for tyrosine hydroxylase (TH). Although the dopaminergic innervation of the thalamus is not as extensive as that of striatal regions, several studies have revealed the presence of D1, D2, D4, and D5 subtypes of DA receptors in the MD thalamic region (Fields et al., 1977; Boyson et al., 1986; Dawson et al., 1986; Camps et al., 1989; Mansour et al., 1990 Mansour et al., , 1992 Young and Wilcox, 1991; Huang et al., 1992; Janowski et al., 1992; Levant et al., 1992; Machida et al., 1992; Civelli et al., 1993; Hall et al., 1996; Sedvall and Farde, 1996) . Furthermore, neurochemical studies suggest that although the density of DA fibers in the thalamus is moderate, this monoamine has a widespread distribution in both the human and rodent thalamus (Lindvall and Björklund, 1974; Oke et al., 1980 Oke et al., , 1983 Santiago et al., 1989; Aizawa et al., 1991; Young and Wilcox, 1991) .
The mediodorsal thalamic nucleus (MD) receives convergent inputs from subcortical limbic structures that overlap with a dopaminergic (DA) innervation. In this study, we describe the effects of DA agonists on the basal and evoked electrophysiological activity of identified thalamic cells of rats recorded in vitro. Administration of the D1 agonist SFK 38393 (10 M) did not produce a clear effect on the physiological properties of the thalamic cells recorded. In contrast, bath administration of the D2 agonist quinpirole (10 M) resulted in an enhancement of membrane excitability, facilitation of the occurrence of lowthreshold spikes (LTSs), and changes in the resting membrane potential of the thalamic cells tested. The quinpirole-mediated responses were reversed by administration of the D2 antagonist haloperidol. Results from experiments performed with different [K ϩ ] and K ϩ channel blockers suggest that the effects of quinpirole are mediated at least in part by changes in K ϩ conductances. The results from this study suggest that DA can modulate the excitability of thalamic cells and in turn may influence the way that the thalamocortical system integrates information.
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The mediodorsal thalamic nucleus (MD) is a site through which the majority of limbic structures influence cortical processing. This nucleus receives input from dopamine-rich regions of the limbic system, including projections from the nucleus accumbens and the ventral pallidum (Haber et al., 1985; Z ahm et al., 1987; Groenewegen, 1988, Groenewegen and Berendse, 1994; Lavin and Grace, 1994 ). Anatomical studies have described a dopaminergic innervation of the MD and paraventricular nuclei (PV) of the thalamus as well. The dopaminergic innervation of the thalamus was first described in 1974 (Lindvall and Björklund, 1974) and is believed to arise from the A11 and A13 dopaminergic cell groups that represent the hypothalamic dopamine neurons (Füxe, 1965) . Subsequent studies using autoradiographic techniques showed the presence of anterogradely labeled axons ascending from the ventral tegmental area (V TA) and terminating in the medial part of the mediodorsal thalamic nuclei (Beckstead et al., 1979) . Furthermore, injections of the retrograde tracer HRPwheat germ agglutinin (WGA) into the medial and lateral MD labeled neurons in large numbers within the midline V TA (Cornwall and Phillipson, 1988) . This V TA-MD projection was confirmed to be at least partially dopaminergic in studies using combined retrograde and anterograde tracers (Groenewegen, 1988) and immunohistochemical staining for tyrosine hydroxylase (TH).
Although the dopaminergic innervation of the thalamus is not as extensive as that of striatal regions, several studies have revealed the presence of D1, D2, D4, and D5 subtypes of DA receptors in the MD thalamic region (Fields et al., 1977; Boyson et al., 1986; Dawson et al., 1986; Camps et al., 1989; Mansour et al., 1990 Mansour et al., , 1992 Young and Wilcox, 1991; Huang et al., 1992; Janowski et al., 1992; Levant et al., 1992; Machida et al., 1992; Civelli et al., 1993; Hall et al., 1996; Sedvall and Farde, 1996) . Furthermore, neurochemical studies suggest that although the density of DA fibers in the thalamus is moderate, this monoamine has a widespread distribution in both the human and rodent thalamus (Lindvall and Björklund, 1974; Oke et al., 1980 Oke et al., , 1983 Santiago et al., 1989; Aizawa et al., 1991; Young and Wilcox, 1991) .
Several studies suggested that the MD may have an involvement in schizophrenia (Carlsson and Carlsson, 1990; Pakkenberg, 1990; Berendse and Groenewegen, 1991; Andreasen et al., 1995; Young et al., 1995; Blennow et al., 1996; Buchsbaum et al., 1996; Heckers, 1997) ; however, few physiological studies have been performed to assess the possible functional significance of a dopaminergic innervation in this region. In the present study, we examined the effects of DA agonists on the basal and evoked activity of neurons located in the MD and PV nuclei of the rat thalamus recorded in vitro.
MATERIALS AND METHODS
Intracellular current-clamp recordings were performed from neurons within sagittal slices of the MD and PV nuclei of the thalamus of adult rats (200 -250 gm; Z ivic Miller Labs). All procedures were performed in accordance with the Guide for the Care and Use of Laborator y Animals published by the United States Public Health Service; the experimental protocol was approved by the University of Pittsburgh Institutional Animal C are and Use Committee. The rats were deeply anesthetized with chloral hydrate (400 mg / kg, i.p.) before transcardial perf usion with ice-cold physiological saline (124 mM NaC l, 5 mM KC l, 1.2 mM KH 2 PO 4 , 2.4 mM CaCl 2 , 1.3 mM MgSO 4 , 26 mM NaHC O 3 , and 10 mM glucose, and saturated with 95% O 2 %/5% C O 2 ; an additional 115 mM sucrose was added to fresh standard superf usate for use with perf usion). The brain was then removed rapidly, and 4-mm-thick sagittal blocks containing the MD and PV were made using a Rat Brain Matrix (RBM 4000 S). The blocks were placed on a Vibratome (Pelco, Series 1000) and sectioned into 400-m-thick slices in ice-cold physiological saline. The slices were then incubated at room temperature in continuously oxygenated physiological saline for at least 1 hr before recording. In vitro electrophysiolog ical recording procedure. Recordings were performed using a submersion-type recording chamber. The chamber was superf used with oxygenated physiological saline maintained at 33-35°C at a flow rate of 1-2 ml /min (L linás and Sugimori, 1980) controlled by a peristaltic pump (Haake-Büchler, model MC P 2500). The time required for a complete exchange of media within the chamber was 3 min. Sharp electrodes were constructed from 1 mm outside diameter Omegadot (W PI, New Haven, C T) borosilicate glass tubing using a horizontal puller (Flaming-Brown P-80/ PC). The electrodes were filled with 3.0 M K ϩ acetate and had resistances of 55-90 M⍀ measured in situ. The location of the recording site was determined by visual inspection of the placement of the recording electrode using a stereomicroscope (Nikon SMZ-2B), with the MD and PV divisions identified using a rat brain stereotaxic atlas (Paxinos and Watson, 1986) . The electrodes were connected to the head stage component of a NeuroData intracellular amplifier (IR-183). Current was injected into neurons through an active bridge circuit integral to the amplifier, with the amplitude of the current injected and the electrode voltage monitored on an oscilloscope (K ikusui C OS5020-ST). Data were digitized and stored on V HS videotapes for subsequent off-line analysis. The analysis was performed using custom software (Neuroscope) running on a windows-based microcomputer. The input resistance, spike threshold, current threshold, resting membrane potential (RM P), spike amplitude, and amplitude of the evoked lowthreshold spikes (LTSs) were compared in neurons in control conditions and after drug treatment. The input resistance was measured by injecting a series of hyperpolarizing constant current pulses of increasing amplitude (150 msec duration) into the cell and measuring the resultant changes in membrane potential. To assess activation and inactivation potentials of the LTSs, a series of hyperpolarizing pulses (150 msec duration) was injected into the cell until a clear LTS was evoked, and then constant hyperpolarizing or depolarizing current was injected into the cells to alter the steady-state membrane potential. The first derivative of the LTS was obtained using the Neuroscope program, and the amplitude of the derivative was plotted against the value of the membrane potential at which it was evoked. All data are shown as mean Ϯ SD.
Pharmacolog ical treatment. All drugs were applied by first dissolving them in physiological saline. After obtaining stable baseline data and recording the responses to intracellular current injection, the perf usion lines were switched from control physiological saline to the drugcontaining media while maintaining stable perf usion pressure and fluid volume via the peristaltic pump delivery system. The drugs used were quinpirole (10 M), SK F 38393 (10 M), SCH 23390 (10 M), Co 2ϩ (2.4 mM), C s ϩ (2 mM), haloperidol (10 M), and clozapine (10 M). Statistics. The following tests were used: Student's t test, ANC OVA, and McNemar comparison test
RESULTS
The results presented here were obtained from 63 neurons recorded in vitro in the MD that exhibited stable intracellular impalements (duration ϭ 30 min to 3 hr). Stability was defined as exhibiting resting membrane potentials more negative than Ϫ55 mV and spike action potentials with amplitudes of 55 mV or greater. The effects of bath application of the DA D1 agonist SKF 38393 and the DA D2 agonist quinpirole on passive membrane properties were examined on 11 and 40 MD neurons, respectively.
Basic morphological and physiological properties of thalamic cells recorded in vitro
The morphology of the thalamic cells recorded was examined by intracellular staining with the dye L ucifer yellow. Consistent with other reports, the cells exhibited somata with diameters ranging between 20 and 40 m that were round or f usiform in shape. Dense clusters of dendrites emanated from the poles of the soma (Fig. 1) . All of the cells stained in the present study exhibited similar morphological characteristics (n ϭ 4) that were consistent with the primary class of relay cells in the MD.
Intracellular recordings in vivo and in vitro have shown that thalamic neurons have two basic patterns of firing, depending on the level of depolarization or hyperpolarization of the membrane potential: tonic irregular spiking (approximately Ϫ58 mV) and rhythmic burst firing (approximately Ϫ70 mV) (for review, see Steriade and Deschênes, 1984; Steriade and Llinás, 1988; McCormick, 1992) . As reported by others, the burst firing recorded in MD thalamic cells was composed of an LTS that triggers the discharge of 2-10 spikes (Fig. 2) .
Effects of D1 agonist on MD cell physiology Bath-applied SKF 38393 (10 M) did not produce changes in the resting membrane potential, input resistance, or spike threshold in 10 of 11 cells tested (Table 1) . A slight but nonsignificant decrease (27%) in the threshold current required to evoke spike firing was observed after administration of the D1 agonist.
To assess the specificity of DA agonist effects on thalamic cells, the D1 selective antagonist SCH 23390 (10 M) and the preferential D2 antagonist haloperidol (13 M) were tested by bath application. The D1 antagonist SCH 23390 (four cells) and the mixed D1/D2 antagonist haloperidol (two cells) were tested after 5 min of SKF 38393 administration. Neither antagonist altered the response to SKF 38393; however, haloperidol appeared to produce a depolarization of the membrane potential (RMP control ϭ Ϫ67.5 Ϯ 6.5; SKF 38393 ϭ 66.1 Ϯ 1.1; haloperidol ϭ Ϫ57.4 Ϯ 4.5) without altering the input resistance.
Effects of D2 agonist on MD cell physiology Resting membrane potential and input resistance
The pre-drug fluctuations in RMP typically did not exceed Ϯ 3mV; therefore, post-drug changes in RMP greater than Ϯ 5 mV were operationally defined as different from baseline. When the D2 agonist quinpirole (10 M) was applied, 19 of 37 (51.3%) of the neurons tested exhibited a 5.9 Ϯ 4.9 mV hyperpolarization of their membrane potential [t (36) ϭ Ϫ5.50; p Ͻ 0.00003] ( Table 2, Figs. 3, 4) . In contrast, 6 of 37 cells (19%) exhibited a significant depolarization of the resting membrane potential measured 5 min after administration of the D2 agonist [3.4 Ϯ 0.7 mV; t (36) ϭ 2.57; p Ͻ 0.006] (Table 2, Fig. 4 ). Finally, in 29.7% of the cells tested (11 of 37), quinpirole did not produce changes in the average resting membrane potential.
Quinpirole did not affect input resistance in the cells that exhibited depolarization of the resting membrane potential or hyperpolarization of the membrane potential, or those that did not show changes in membrane potential after drug application (Fig. 2) . Furthermore, the quinpirole effect on membrane potential did not correlate with changes in input resistance.
Because other drug-induced changes may be secondary to the changes in RMP, we determined whether the effects of quinpirole on spike threshold, threshold current, and input resistance were correlated with the effects on RMP. The factors used in subsequent ANOVAs of these variables were based on this correlational analysis (see below).
Spike threshold
Because of the trend for effects on membrane potential and given the fact that spike threshold can depend on membrane potential, the possibility was tested that quinpirole would have an effect on spike threshold that was dependent on its effect on membrane potential. Therefore, the effects of quinpirole on spike threshold were analyzed with a repeated measures ANC OVA using the effect of quinpirole on membrane potential as a covariate. This analysis revealed a significant positive correlation between the effect of quinpirole on membrane potential and spike threshold (r ϭ 0.73; p Ͻ 0.01), confirming that the effect of quinpirole on spike threshold could be predicted in large part by its effects on membrane potential. When this effect was accounted for, the effect of quinpirole on spike threshold was not significant (r (1,1,15) ϭ 2.4; p ϭ 0.15). When the cells were separated according to the quinpirole effects on RM P, the D2 agonist was found to produce an increase in the spike threshold only in the cells that also were depolarized by quinpirole (Table 2 ). In contrast, in cells in which quinpirole administration resulted in either a hyperpolarization or no change in RMP, it also failed to significantly alter spike threshold.
Afterhyperpolarization
In several cases (n ϭ 5 of 16) (Fig. 5) , quinpirole administration was observed to increase the amplitude and duration of the post-spike afterhyperpolarization (AHP) (amplitude control, 7.9 Ϯ 2.3 mV; amplitude quinpirole, 13.1 Ϯ 6.5 mV; p Ͻ 0.08; duration control, 12.9 Ϯ 6.1 msec; duration quinpirole, 28.1 Ϯ 9.5 msec).
Current-evok ed spik e discharge
The effects of quinpirole on RM P did not correlate with its effects on the threshold current required to trigger spike discharge; therefore, data from all cells were analyzed as a single group.
Quinpirole administration was found to cause a significant decrease in threshold current in the cells tested [t (29) ϭ 4.14; p Ͻ 0.001].
Low-threshold spikes
Before drug administration, 8 of 31 (25.8%) of the cells tested exhibited an LTS in response to spike threshold levels of mem- Figure 2. Effects of quinpirole on the input resistance and facilitation of LTSs. The input resistance (IR) of this neuron recorded before ( A) and after ( B) administration of quinpirole (10 M) was determined by examining the membrane voltage deflections (top traces) produced in response to injections of current (bottom trace) and calculating the input resistance from the I-V regression line (bottom graph). After quinpirole administration, a facilitation of the LTS is observed during injection of depolarizing currents pulses. Moreover, an increase in membrane excitability is revealed, with excitability defined as a reduction in the amount of current required to produce a given level of depolarization of the membrane potential. In the I-V curve, 0 mV corresponds to the RMP.
brane depolarization. However, after 10 M quinpirole administration, 48.8% (15 of 31) of these cells exhibited threshold current-evoked LTSs (Table 2, . Using a McNemar test that compares the frequency of LTSs before and after quinpirole, the probability of evoking an LTS after quinpirole administration was found to be significantly greater than during pre-drug conditions ( p Ͻ 0.0005). The effects of quinpirole administration on the depolarization-dependent inactivation curve of the LTS also was analyzed. For membrane potential values between Ϫ55 and Ϫ70 mV, quinpirole produced a small shift of the curve to the right, indicating that quinpirole administration caused a relative facilitation of the evoked LTSs at these membrane potential values. However, between Ϫ70 and Ϫ82 mV, quinpirole caused the curve to shift to the left (Fig. 6) . In fact, at membrane potential values between Ϫ55 and Ϫ65 mV, the average rate of change in the amplitude of the LTS was larger after quinpirole administration (55-60 mV: control, 0.023 mV/sec; quinpirole, 0.0580 mV/sec; 61-65 mV: control, 0.0342 mV/sec; quinpirole, 0.0593 mV/sec, respectively). In three of the above cells that exhibited LTSs after quinpirole, the cells also began to exhibit spontaneous spike discharge (Fig. 7) . In the cells that were hyperpolarized by quinpirole administration, the current threshold required to evoke an LTS was decreased; however, this decrease did not reach statistical significance. Nonetheless, in the cells depolarized by quinpirole administration, there was a significant decrease in the current threshold required to evoke the LTSs ( p Ͻ 0.0005; t ϭ 5.38). In 16 of 29 cases (55%), the latency of the LTS or spike after quinpirole was increased significantly ( p Ͻ Figure 3 . The facilitation of the LTS observed after quinpirole administration persisted after the membrane potential of the cell was adjusted by current injection to the original pre-drug control values. A, A cell recorded during control conditions exhibits an evoked action potential in response to depolarizing current injection (RM P ϭ Ϫ66.15). B, Quinpirole administration caused a hyperpolarization of the membrane of this cell by 2.4 mV, in addition to facilitating the expression of the LTS. C, After depolarizing the membrane potential of this cell back to the original pre-drug RMP by current injection, the LTS could still be evoked by small amplitudes of membrane depolarization. It should be noted that LTSs were not evoked at this RMP in the absence of quinpirole administration. mp, Membrane potential. 0.00007; t ϭ Ϫ6.8). In addition to the responses produced by administration of 10 M quinpirole, the effects of quinpirole administered at doses of 5 and 50 M were tested in three cells. At a dose of 5 M, quinpirole had variable effects in that it caused the appearance of LTSs in 1 of 3 cells, whereas at a dose of 50 M quinpirole produced a hyperpolarization of the membrane potential and evoked LTSs in all of the cases tested
Effects of antipsychotic drug administration on quinpirole-induced responses
Administration of haloperidol was found to reverse the primary responses produced by quinpirole in four of five cells tested. In this group, haloperidol (13 M) reversed the membrane hyperpolarization caused by quinpirole (Table 3 , Fig. 4 ). Haloperidol administration also restored spike threshold to baseline levels and caused the neuron to respond with tonic spike discharge instead of LTSs when current was injected. However, haloperidol did not reverse the small decrease in the threshold current required for spike generation; instead it caused a f urther significant decrease in this value (control ϭ 0.31 Ϯ 0.02 nA; quinpirole ϭ 0.27 Ϯ 0.20 nA; haloperidol ϭ 0.09 Ϯ 0.09 nA; p Ͻ 0.03). In cells in which haloperidol was applied alone (i.e., without quinpirole pretreatment), it did not alter any of the basic electrophysiological properties tested (data not shown). The responses to bath application of the atypical antipsychotic drug clozapine (10 M) were also examined. In the three cases tested, clozapine was found to reverse the quinpirole-induced membrane hyperpolarization (RMP control, Ϫ67.8 Ϯ 0.3 mV; quinpirole, Ϫ72.3 Ϯ 11.5 mV; clozapine, Ϫ61.2 Ϯ 6.5 mV). However, in contrast to haloperidol administration, clozapine failed to reverse the quinpirole-mediated increase in spike threshold, and instead caused a further increase in this parameter (control, Ϫ67.6 Ϯ 15.56 mV; quinpirole, Ϫ52.4 Ϯ 22.7 mV; clozapine, Ϫ46.1 Ϯ 5.4 mV).
Possible membrane conductance changes underlying quinpirole-mediated responses
To determine the mechanism through which quinpirole modulates the excitability of MD neurons, experiments were performed to assess the membrane conductance changes that may have contributed to this response. Our initial focus was on the potassium conductances, given the evidence that DA acting on D2-type receptors in striatal and substantia nigra zona compacta cells activates K ϩ conductances (Uchimura et al., 1986; Lacey et al., 1987 Lacey et al., , 1988 Weight, 1988, 1989; Surmeier and Kitai, 1993; Liu et al., 1994; Seeman and Van Tol, 1994; Greif et al., 1995) . To assess whether K ϩ conductances play a role in the responses observed after D2 agonist administration, we retested these responses using different concentrations of K ϩ in the superfusion fluid (i.e., 2.5, 6.5, and 10 mM). C ell responses were analyzed separately depending on whether quinpirole caused a facilitation of the LTS. For cells in which the LTS was facilitated by quinpirole, the reversal potentials for the quinpirole-mediated responses were as follows: in 2.5 mM K ϩ ϭ Ϫ89.7 Ϯ 7.0 mV (n ϭ 3); in 6.5 mM K ϩ ϭ Ϫ74.5 Ϯ 8.2 mV (n ϭ 13), and in 10 mM K ϩ ϭ Ϫ66.4 Ϯ 11.2 mV (n ϭ 3). The slope of the regression line for this group was calculated to be 25.5 mV/log unit K ϩ concentration (Fig. 8) . Furthermore, administration of the potassium channel blocker cesium (Cs ϩ ; 2 mM) was found to reverse the quinpirole-induced hyperpolarization of the membrane potential (RMP control, Ϫ74.3 Ϯ 5.8 mV; quinpirole, Ϫ84.5 Ϯ 2.1 mV; Cs ϩ , Ϫ70.4 Ϯ 13.0 mV), and it also reversed the increase in spike threshold (control, Ϫ53.7 Ϯ 15.3 mV; quinpirole, Ϫ48.9 Ϯ 27 mV; Cs ϩ , Ϫ58.2 Ϯ 2.8 mV; n ϭ 3) (Fig. 9) . In addition, in the presence of Cs ϩ , quinpirole failed to produce facilitation of the LTS. As a further test of the specificity of this response, recordings were performed under conditions in which the Ca 2ϩ in the superfusate had been replaced with Co 2ϩ . In cases in which the buffer was switched before quinpirole administration, facilitation of the LTS by quinpirole did not occur; however, quinpirole administration was still capable of causing a depolarization of the membrane potential (12 mV; RMP control ϭ Ϫ68.6 Ϯ 5.8; quinpirole ϩ Co 2ϩ ϭ Ϫ56.3 Ϯ 0.3 mV). In the cases in which the switch to Ca 2ϩ -free-Co 2ϩ buffer was made after quinpirole administration, the facilitation of the LTS by quinpirole was abolished, and the spike threshold was returned to control values (control, Ϫ47.1 mV; quinpirole, Ϫ33.7 mV; Co 2ϩ , Ϫ42.3 mV) (Fig. 9) .
DISCUSSION
These experiments show that stimulation of DA D2 receptors by quinpirole resulted in changes in the passive membrane properties of thalamic neurons. More specifically, administration of the D2 agonist quinpirole but not the D1 agonist SKF 38393 enhanced the excitability of MD thalamic neurons in two ways: (1) it increased the response of the neuron to depolarizing current pulses and (2) it facilitated the occurrence of LTSs at membrane potential values at which these spikes were not typically triggered. The experiments with Co 2ϩ , Cs ϩ , and different potassium concentrations indicated that these effects occurred, at least in part, via changes in K ϩ conductances. The D2 selectivity of the Figure 6 . Effects of quinpirole on the voltage-dependent modulation of the rate of rise of the LTS. When the first derivative of the LTS amplitude was plotted against the membrane potential, the data between Ϫ65 and Ϫ85 mV could be fit to a sigmoidal f unction. Furthermore, quinpirole appeared to facilitate the LTS for membrane potential values between Ϫ65 and Ϫ70 mV. However, for values of membrane potential between Ϫ56 and Ϫ65 mV, quinpirole caused a substantially larger facilitation of LTSs but could not be fitted to a sigmoidal function. Every point represents the average of seven cells collected during control conditions (F) and after quinpirole administration (E). Figure 5 . Effects of quinpirole administration on spike AHPs. In several cases quinpirole administration caused the evoked spikes to have longer duration and larger amplitude spike afterhyperpolarizations than in the control conditions. A, An action potential evoked during the control period exhibited a small amplitude and short duration AHP. B, After quinpirole administration (10 M), the AHP of this cell was increased by 67% in amplitude and 125% in duration. A quinpirole-induced increase in excitability was also noted.
quinpirole-mediated responses was f urther substantiated by the ability of the preferential D2 antagonist haloperidol to reverse these effects.
Dopaminergic agonist effects on MD cell excitability
Overall, bath application of either the D1 or D2 agonist to MD cells either failed to alter or produced small and inconsistent changes in resting membrane potential. Although the administration of the D1 agonist SK F 38393 did not appear to change the RMP in any of the cells tested, the D2 agonist quinpirole caused a hyperpolarization in approximately half of the neurons tested, with the remaining cells showing either a small depolarization or no changes in RMP. Neither agonist produced significant changes in the input resistance of these neurons. In contrast, the most consistent effect produced by the D2 agonist quinpirole was to increase the overall excitability of all MD cells tested, with excitability defined on the basis of the amount of depolarizing current required to evoke a spike. This increase in excitability occurred independent of the effects of quinpirole on resting membrane potential. In other systems, DA has been reported to exert variable effects on excitability. In the striatum, DA appears to decrease excitability of striatal cells via D1-and D2-dependent mechanisms (Norcross and Spehlmann, 1978; Mercuri et al., 1985; Uchimura et al., 1986; Calabresi et al., 1987; Hu and Wang, 1988; Hu et al., 1990; Akaoka et al., 1992; Hernandez-Lopez et al., 1997) , although DA has been reported to increase the excitation produced by NMDA receptor activation (Cepeda et al., 1993) . In contrast, in the cortex, DA appears to increase excitability through a D1-dependent mechanism (Bernardi et al., 1982; Penit-Soria et al., 1987; Yang and Seamans, 1996; Shi et al., 1997) . In the ventral pallidum it has been reported Figure 7 . Effects of quinpirole administration on spontaneous spike activity of thalamic neurons recorded in vitro. Although thalamic neurons rarely exhibit spontaneous spike discharge in vitro, quinpirole administration was found to trigger spontaneous activity in these cells. A, After quinpirole administration (10 M), a gradual increase in depolarizing events was found to give rise to f ull action potentials firing in a tonic-like pattern. B, Quinpirole administration caused this neuron to initiate spontaneous action potential firing in a burst-like pattern, with spikes riding on top of LTSs. C, Shown at faster time base, the burst (B, asterisk) was found to consist of three action potentials. that 72% of the cells tested were inhibited by iontophoretic application of DA, whereas 27% were excited (Maslowski and Napier, 1991) . However, this is the first report in which DA is observed to affect cell excitability via an effect on the LTSs.
Facilitation of low-threshold spikes by quinpirole
In this study, quinpirole was found to increase the probability of evoking an LTS in MD thalamic neurons. The LTS is considered to be an important property for regulating thalamocortical function. Electrophysiological studies have revealed that thalamic neurons have two basic modes of firing: tonic single-spike activity and a rhythmic burst-firing pattern Steriade and Deschênes, 1984; Steriade and L linás, 1988; McCormick and Pape, 1990) in which the burst activity is driven by LTSs . In contrast, tonic spike activity predominates during waking states or rapid eye movement (REM) sleep. The tonic firing is associated with depolarized membrane potentials (Ϫ50 to Ϫ55 mV). In this state the cells are depolarized by a pacemaker potential and repolarized by depolarizationactivated K ϩ currents to produce the tonic firing pattern (Jahnsen and L linás, 1984) . The bursting firing pattern is characteristic of slow-wave sleep, deep anesthesia, or absence seizures (Hirsch et al., 1983; McC arley et al., 1983; Fourment et al., 1985; Gloor and Fariello, 1988; Buzsaki et al., 1990; Curro Dossi et al., 1991; Steriade et al., 1991) . The burst firing of thalamic cells is reported to be caused by a C a 2ϩ -mediated LTS (Jahnsen and Llinás, 1984; Steriade and Deschênes, 1984; Coulter et al., 1989; Crunelli et al., 1989; Hernandez-Cruz and Pape, 1989) . This low-threshold Ca 2ϩ conductance is deinactivated at Ϫ55 mV, reaching a maximum level of deinactivation at Ϫ75 mV (Llinás and Jahnsen, 1982) . The faster activation time course of the Ca 2ϩ current allows depolarization from hyperpolarized membrane potentials to generate LTSs that in turn activate one to eight high-frequency Na ϩ spikes that occur at frequencies of 250 -500 Hz. In many cases (10 of 15 in the present study), the occurrence of the LTS was linked to quinpirole-induced hyperpolarization of the membrane potential. Furthermore, blockade of K ϩ conductances by Cs ϩ reversed the effect of quinpirole on the membrane potential and caused the facilitated LTS discharge to be replaced by a tonic spike-firing pattern. Although the mechanisms through which DA facilitates the LTS are unknown, several possibilities may be advanced based on these data and in comparison with other systems. In fact, a persistent sodium conductance (I NaP ) has recently been described in thalamocortical neurons (Parri and Crunelli, 1998) . The activation of this I NaP at relatively negative potentials (approximately Ϫ70 mV) is consistent with a potential involvement of this conductance in the generation of the LTSs. Because the D2 agonist quinpirole has been shown to play a role in the modulation of TTX-sensitive Na ϩ currents, we cannot exclude the possibility that the effects produced by quinpirole in the MD may be mediated by a modulation of this I NaP .
D2 receptor-mediated regulation of K ؉ conductances
As reviewed above, the most consistent effect produced by quinpirole administration was a significant increase in MD cell excit- ability, which appears to be related at least in part to quinpiroleinduced facilitation of the LTS. E xamination of the effects of varying K ϩ concentrations and the reversal of these actions by the K ϩ channel blocker cesium supports a K ϩ -dependent mechanism for the D2 response. One possible conductance change that could account for these actions is a D2-dependent modulation of the I h . This Na ϩ /K ϩ current is reported to underlie the pacemaker potential that produces the slow depolarizations between spikes in the thalamus (for review, see McCormick, 1992) . The rate at which the I h is activated can determine the delay period between subsequent LTSs. Alternately, the I h may also be affecting the LTS by shifting its apparent voltage dependence to more depolarized levels, at least as measured at the soma. In this manner, quinpirole could produce its observed effects on the LTS by combined effects on I h , K ϩ currents, and modulation of LTS threshold. As a result, the LTS would be evoked at more depolarized RM Ps and allow the triggering of Na ϩ spikes at these more depolarized membrane potentials. The fact that the excitability is increased independent of the effect of quinpirole on RMP or spike threshold would be consistent with these events and the fact that the reversal potential for quinpirole is shifted to more positive potentials at low [K ϩ ]. However, the significant increase in onset latency for spikes evoked after quinpirole administration suggests that the D2 agonist also may be activating I K(A) currents. In neurons of the substantia nigra zona compacta, DA administration has been shown to hyperpolarize the resting potential (Lacey et al., 1987 (Lacey et al., , 1989 , and using voltage-clamp techniques this was shown to be mediated by a DA-activated conductance. The reversal potential of this outward current was reported to be close to the reversal potential for K ϩ (Lacey et al., 1987 (Lacey et al., , 1989 . Pharmacological manipulations demonstrated that this effect was caused by D2 receptor stimulation. In the experiments presented here, quinpirole also produced a hyperpolarization in 19 of 32 neurons and in three cases increased the amplitude of the AHP following action potentials. The reversal potential for the quinpirole-mediated hyperpolarization, its dependence on extracellular K ϩ concentration, and its blockade by Cs ϩ suggest that this is mediated by a change in a K ϩ conductance as well. However, because the change in the quinpirole reversal potential did not precisely follow the predictions of the Nernst equation with respect to alterations in K ϩ concentrations, other factors may also play a role in this response. Nonetheless, a quinpirole-mediated change in K ϩ conductance could account for each of the findings reported here, including (1) hyperpolarization of the membrane potential, (2) facilitation of LTS spiking, (3) the increase in spike threshold, (4) the augmentation of the AHP, and (5) the increase in onset spike latency.
A proposed role of DA in the modulation of thalamocortical activity DA has been postulated to play a role in learning processes and goal-directed behavior (Le Moal and Simon, 1991) , sensory information processing (Clark and White, 1987) , and time perception (Rammsayer, 1989) . The thalamus is also likely to play a role in such processes, because lesions of the reticular thalamic nucleus, which regulates thalamic rhythmic activity Steriade and L linás, 1988) , lead to confusional states and deficits in information processing (Friedberg and Ross, 1993) . Moreover, studies have shown that rhythmic activity states underlying sleep stages are a result of thalamocortical interactions Steriade and L linás, 1988) , and REM sleep deprivation can lead to disorganized thinking and abnormal social behavior in humans (Spiegel, 1982; Naitoh et al., 1990 ) that has been compared with a state of acute psychosis (Gove, 1970) . It is interesting to note that in studies in rats, sleep deprivation has been associated with alterations in D2 receptor density in MD thalamic target regions (Brooks et al., 1995) .
These correlations may have f unctional implications with respect to the results presented here. Thus, because D2 stimulation enhances rhythmic activity in the thalamus, alterations in D2 stimulation could be predicted to lead to abnormalities in thalamocortical rhythms. Moreover, nonmedicated schizophrenics have been reported to show abnormalities in slow-wave sleep (Keshavan et al., 1995) that have been correlated with the state of spindle activity and synchronization of cortical activity Steriade and L linás, 1988) . Indeed, it has been proposed that a combination of increased activity of dopaminergic and cholinergic neurons could explain most of the sleep disturbances observed in schizophrenics (Tandon and Greden, 1989; Tandon et al., 1990 Tandon et al., , 1992 . Within this framework, one possibility is that the proposed decrease in tonic DA in schizophrenics (Grace, 1991) may underlie some of the sleep disturbances and EEG alterations observed in these patients.
